Abstract -A very flexible synthesis of non proteinogenic amino acids and an effective ring closure method for formation of macrolactams were elaborated. These methods are prerequisite for economical synthesis of cyclopeptides . The total syntheses of several cyclopeptides which had been isolated from plants, fungi and lower sea animals are described.
INTRODUCTION
The classification of the carbocyclic ring compounds as small , normal , medium and large has been derived from enthalpies , structure and "ease of formation" . But this concept cannot be carried over to the characterisation of the overwhelming majority of ring compounds found in nature , all of which contain 0 , N , or S as endocyclic components . The difference is that in medium heterocyclic rings Pitzer strain does not appear to be chemically significant.
Twelve-membered "medium" rings with one or several heteroatoms as ring components are often closed easily and with high yields. Thus they behave similarly to large ring systems. The 13-membered ring 18 for example is formed with 80 % yield. In many cases high dilution is not required and it may be assumed that the most probable conformation of the linear educt is very favorable for ring closure.
A salient point in forming cyclopeptides concerns the conformations of the amide groups in the ring formed. Cyclotripeptides with at least one amide group in the s-cis conformation have been prepared only with prolines or N-methyl amino acids as ring members (ref. 1) . This reflects the difference of enthalpy of s-cis and s-trans amides.
For the most part cyclotetrapeptides containing primary amino acids of the same configuration are accessible only with difficulty. In contrast 12-membered cyclopeptides with at least one amino acid of different configuration or with iminoacids as ring members are formed easily. The compound 19 for example has been prepared in 96 % yield.
The cyclopentapeptides have low strain energy but in synthesis the "dimeric" cyclodecapeptides are also frequently formed as coproducts.
In nature, cyclopeptides and a large number of linear peptides containing non proteinogenic amino acids are not synthesized within ribosomes by protein biosynthesis but rather by multi enzyme complexes which activate the amino acids as thiol esters (ref. 2). They are formed particularly in the metabolism of lower organisms. Since biosynthesis proceeds without RNA and DNA non essential amino acids are often included as well. Salient components of cyclopeptides from plants, bacteria, fungi and lower sea animals are amino acids of "exotic" structure. R-amino acids, dehydroamino acids, aminoalkylthiazole carboxylic acids and aminoalkyloxazoline carboxylic acids (formed from cysteine and threonine peptides) are found.
In looking for biologically active compounds especially cytostatics of new structural types, a lot of cyclopeptides have been isolated from lower organisms in the last twenty years. Often only very small amounts have been obtained. Prerequisites for an economical preparation of such compounds are: a suitable synthesis of the "exotic" amino, acids (f. e. 9, 22, 43) and an efficient method of ring closure under very gentle conditions. *Manuscript received April 1985. The lecturer was subsequently unable to attend the symposium to present it in person.
SYNTHESIS OF DEHYDROAMINO ACIDS AND AMINO ACIDS FROM N-ACYL-2-(DIALKYLOXYPHOSPHORYL)-GLYCINE ESTERS
We described (ref. 3, 4) an effective three-step synthesis of N-acylphosphoryl glycine esters starting with hydroxyglycine (1) which is readily accessible from technical glyoxylic acid hydrate and benzylcarbaminate (ref. 5). After esterification and acetalisation the semi-aminal was successively treated with Pd3 and triethyl phosphite to produce alkyl 2-benzyloxycarbonylamino-2-dialkyloxyphosphorylacetate (2) (scheme 1). Acyl-2-(dialkyloxyphosphoryl)-glycine esters with various N-protecting groups are accessible by catalytic hydrogenolysis of the benzyloxycarbonyl protecting group and acylation. The esters are suitable starting materials for preparation of dehydroamino acids which in turn can be easily hydrogenated enantioselectively to amino acids with, in most cases, high optical induction. The route shown in scheme 1 is therefore, a novel synthesis of amino acids (ref. 3, 4) . Starting from aldehydes, protected amino acid esters having two additional carbon atoms are formed in a Homer type condensation. Because of the very mild reaction conditions, amino acids with acid labile groups can be synthesized. The reaction leads directly to the amino acid with the desired protecting groups for its amino and carboxylic function.
Since N-methylation and subsequent enantioselective hydrogenation of the N-acyl-N-methyl--dehydroamino acids proceed without difficulty, optically active N-methylamino acids are accessible. Except for mesoxalic esters the condensation of phosphorylglycine esters with ketones fails. Other aldehydes (with the exception of 2-alkenals), including heterocyclic aldehydes condense with high yield. Sodium hydride is used for the condensation of aromatic aldehydes. The use of lithium diisopropylamide at low temperature was found to be necessary in the reaction of aliphatic aldehydes. The base of choice for all types of aldehydes is potassium t-butoxide suspended in dichioromethane at -70°C. Using this base, the (Z) -isomers are formed predominantly. By this method and followed by enantioselective hydrogenation particularly with the Monsanto catalyst [Rh(1 . 
SYNTHESIS OF DEHYDROPEPTIDES FROM (DIALKYLOXYPHOSPHORYL)-GLYCINE PEPTIDES: TOTAL SYNTHESIS OF THE LINEAR PEPTIDE ALKALOID HEXAACETYLCELENAMIDE A
Because of the very mild reaction conditions the condensation of dialkyloxyphosphomyl glycine derivatives can be applied to the synthesis of di-and tri-peptide esters containing a CC double bond. For that purpose a peptide containing a phosphorylglycinate unit is formed and condensed with an aldehyde. This sequence is illustrated by the synthesis (ref. peptide with an additional enamide function contains S-6-bromotryptophan the t-butylester of which was synthesized by condensation of the aldehyde 8 and the phosphoryl glycine 7, followed by enantioselective hydrogenation (ee >99 %) and cleaving the chloroacetyl protecting group (scheme 2).
t-Butyl-S-6-bromotryptophanate (9) was then coupled with the (S)-leucyl derivative 10 to give the phosphono-tripeptide 11, which condensed directly with triacetoxybenzaldehyde to give the E/Z mixture of the two dehydropeptides. These isomers were separated by medium pressure liquid chromatography and further worked up individually. On removing the Boc protecting group, the t-butyl ester was cleaved at the same time, 12 was obtained (scheme 3). Amide formation using the selenium reagent 13 furnished the educt 14 for the oxidative elimination step to the hexaacetylcelenamide 15 (scheme 4). In the cleavage reaction, only the (E)-N-styrylamide was formed. 
SYNTHESIS OF OPTICALLY ACTIVE AMINOALKYLTHIAZOLE CARBOXYLIC ACIDS AND AMINOALKYLOXAZOLINE CARBOXYLIC ACIDS
Lower sea animals produce cyclopeptides with optically active aminoalkylthiazole carboxylic acids and aminoalkyloxazoline carboxylic acids . There are many reasons to believe that they are formed from cysteine or threonine peptides , respectively. In addition aminoalkylthiazole carboxylic acids are known to be components of numerous linear peptides from molds.
The Hantzsch type synthesis with optically active acylamino acid thioamides and ethyl bromopyruvate results in complete racemisation . -Recently Japanese chemists (ref . 9) formed thiazolidines from cysteine esters and the appropriate ct-acylamino aldehydes and obtained optically active aminoalkylthiazole carboxylic acids by subsequent dehydrogenation.
We performed the Hantzsch type synthesis with the easily accessible optically active ct-acyloxycarboxylic acid thioamides. The optically active hydroxyalkylthiazole carboxylic acid esters formed with ethyl bromopyruvate could be transformed into the aminoalkyithiazole carboxylic acid derivatives by the Mitsunobu reaction which involves a clean inversion of the configuration.
Since the introduction of the azide functionality proceeds with inversion, whereas the optically active hydroxy acids are formed from a-amino acids with retention of configuration, (R) -aminoalkyithiazol carboxylic acid esters are obtained from natural (5) The racemisation in the Hantzsch synthesis with optically active a-aminocarboxylic acid thioamides and ethyl bromopyruvate can be avoided by a two step reaction. First, the condensation in acetone leads to the dihydrothiazole which is then dehydrated by cautious reaction with trifluoroacetic acid anhydride and pyridine. By these methods (R)-and Optically active oxazolines were prepared from a-acylamino imidic acid esters and threonine esters, but this synthesis sometimes results in partial racemisation. The NMR analysis of the reaction products is often complicated as the free rotation of the amide bond is hindered.
RING CLOSURE TO FORM CYCLOPEPTIDES
To date ring closure giving rise to cyclopeptides has been performed by nearly all methods which are used to form an amide bond in linear peptides. But for the most part the activation of the carboxylic group as the nitrophenylester, as the hydroxysuccinimid ester or by reaction with diphenylphosphorazidate was preferred. We have developed a new cyclisation method for synthesizing medium and large cyclopeptides which uses pentafluorophenyl esters (ref. 11, 12) . A convenient method of ring closure used a dioxane solution of the carbobenzoxypeptide pentafluorophenyl ester injected slowly to a rapidly stirred suspension of Pd/charcoal in dioxane at 95°C through which hydrogen was bubbled. The solution contained 1 mol 4-pyrrolidinopyridine per mol synthon as catalyst and 2 % alcohol (w. r. t. When preparing cyclopeptides with sulfur containing components, catalytic hydrogenation must be avoided. In these cases N-t-butoxycarbonylpeptide-pentafluorophenyl esters are the starting synthons. After acidolytic deblocking of the protecting group with trifluoro acetic acid and evaporation of the excess reagent, the dioxane solution of the peptidepentafluorophenyl ester trifluoroacetate is added very slowly into dioxane at 95°C. The solution contained at least 1 mol pyrrolidinopyridine and 5-50 % t-butanol (w. r. t. the solvent). In this way, the eight diastereomeric 21-membered ring compounds 20 were obtained in up to 80 % yield. The main advantages of these two ring closure reactions are their high yield and the easy work up of the products since the solvent is low boiling and pentafluorophenol can be removed by destillation with water. The lipophilic cyclopeptides formed were purified by chromatography on silica gel. Scheme 6 represents cyclopeptides formed by several methods. Subsequent reaction with nitrite afforded the oxime 24. Catalytic hydrogenation of the latter reduced the oximino group, cleaved the benzylester and -after simultaneous decarboxylation -reduced the keto group to form a mixture of two diastereomeric alcohols, which were N-protected with the benzyloxycarbonyl group to form 25a,b. -The non-stereoselective reduction of the carbonyl group is of no account since this new asymmetric center is eliminated in the last step of the synthesis. The total synthesis of Zizyphin is presented in scheme 8 (ref. 18) . It starts with the racemic compound 31 prepared by means of the route worked out for the construction of trans-3-phenoxyproline (ref. 19) . The further steps are directed toward ring closure on the phenylethylaminenitrogen. This sequence of reactions provides an opportunity for separating the easily accessible diastereomers 32a, 32b resulting from the racemic starting material 31 before ring closure. After hydrogenolysis of the benzyl ester and reaction with diazomethane to give the methyl ester, cleavage of the t-butyl ester and reacylation formed the carboxylic acid 33. Further transformation analogeous to the synthesis of Mucronin B gave the amino ketone unit in high yields. Sodium cyanoborohydride reduced the ketone nonstereoselectively to the diastereomers 34a and 34b. Saponification of the methyl esters and formation of a mixture of the two diastereomeric pentafluorophenyl esters 35a and 35b by DCCD condensation yielded starting material for the ring closure step. Catalytic hydrogenation for 5 h by using dilution techniques afforded, in about 80 % yield, a mixture of the cyclic alcohols 36a and 3Gb. The non stereoselective introduction of a hydroxy group which is eliminated in the final steps of the synthesis forms two diastereomers and hence leads to a mixture which is difficult to purify. However, this disadvantage is off set by high yields, particularly in the ring closure step.
Transformation of diastereomeric alcohols 36a and 3Gb into the selenides and oxidative elimination yielded olefin 37 (65 %). After cleavage of the Boc group by trifluoroacetic acid, the amine was first reacted with N(t-butoxycarbonyl)isoleucine hydroxysuccinimide ester, forming 38. After cleavage of the protecting group by trifluoroacetic acid the resulting amine was treated with dimethylisoleucine pentafluorophenyl ester to yield zizyphine 39 (30 % yield from 37) (scheme 8). The pentafluorophenyl ester 51 prepared from this serves as a linear educt for the ring closure. After cleavage of the Boc group cyclisation proceeds upon slow injection of the tris(trifluoroacetate) into a solution of 3 mol pyrrolidinopyridine in alcoholic dioxane at 95°C (80 % yield). Hydrolysis of the nitrile 52 to the amide furnished a product 53 which is not identical to Dolastatin 3. The spectra of the seven other diastereomers containing the R-aminothiazole compound are also not consistent with the data published for Dolastatin 3. In an analogous way, we have also synthesized the eight diastereomers having the reverse order of the amino acids in the ring (54) and containing the R-aminothiazole compound (ref. 10). These compounds were also not identical with Dolastatin 3.
The structure proposed for Dolastatin 3 is therefore not correct. 
